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~  FOREWORD

This repbrt is the eleventh in a series describing research in re-entry .
phenomenology performed by Philco-Ford Corporation as part of the Advanced
Penetration Problems (APP) project. The work described herein was sponsored
by the U. S. Air Force and the Advanced Research Projects Agency and moni-
tored by the Space And Missile Systems Organization, USAF, under Contract
No. F04701-70-C-0130 Modification POO04. ; ‘
Previous technical reports in this series have presented the turbulence
structure in flow fields representative of those encountered in re-entry
flight. Such experiments have included comptessible axi-symmetric and two-
dimensional wakes and highly heated plasma jets in which the electron be-
havior was measured together with the gasdynamical turbulence. New tech-
~niques and devices were introduced to overcome the rigors of high-speed,
high-temperature flows and the greatly increased complexities of compres-
sible turbulence. The present report deals with the mean flow from a
hypersonic turbulent boundary layer experiment. Analog hot-wire anemometer
signals from the same experiment have been stored on magnetic tape, and a
detailed profile of the turbulent flow in that boundary layer will be ana-
lyzed and pgesented in a forthcoming report.

In addition to the suppott and encoutagement of the agencies mentioned
above, the authors wish to acknowledge the assistance of Lee Von Seggern
and the expertise with which Ernest L. Doughman prépared the smallest hot-
wires (0.00001" diameter) ever to be used in supersonic or hypersonic flow.
The work further benefited grratly from previous work dome in the same
wind-tunnel by Dr. John Laufer of the University of Southern California
_and Dr. Harry Ashkenas of the ‘et Ptopulslon Laboratory (NASA) and their .

cowvorkers. ' .
Ve
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ABSTRACT

An experimental investigation was carried out to determine the structure of
the turbulent boundary layer on the wall of the Jet Propulsion Laboratory
Hypersonic Wind Tunnel at a free-stream Mach number of 9.37. Profiles of
flow properties were obtained from pitot pressure, static pressure,. and
‘total temperature surveys made through the 6 inch thick boundary layer at

a station 160 inches from the nozzle throat. Test» were conducted pri-
marily for the following conditions: unit free-stream Reynolds nucber of
127,000 per ‘inch, corresponding to a Reynolds number based on momentum
thickness of 36,800, and a wall to free-stream total temperature ratio of
0.385. A cursory examination of the boundary layer was also made ar -

unit stream Reynolds number of 67,000. The static Pressure measurev. Uts,
although indicating negligible streamwise variation, revealed the existence
of a significant pressure gradient normal to the wall, with the pressure
"at the wall approximately 457 greater than its free-stream value. The ~
data indicate that the profile of total temperature ratio versus velocity
ratio agrees with the linear Crocco theory in the sub-layer region, but

in the outer portion of the boundary layer, closely follows the quadratic
relation which has been observed to characterize nozzle wall measurements.
The data also indicate that the sub-layer is 0.05 to 0.10 inches thick
which corresponds to only several percent of the total boundary layer
thickness. Correlation of the velocity profile with the conventional in-
compressible profile shows poor agreement in the sub~layer and wall-of-the~
wake regions, with the latter attributed primarily to the pressure gradient
normal to. the wall. However, the experimental skin friction coefficien.
agrees with the value predicted by the Van Driest theory within several
percent. Finally, the total temperature profile determined from a hot-wire
anemometer traverse through the boundary layer is in good agreement with
the thermocouple measurements. -

)
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/ SECTION 1

INTRODUCTION

1.1 PURPOSE

The hypersonig turbulent boundary Lay

/

- <

'er has not been studied to the degree

commenstrate with its importance in reentry phenomenclogy. This is es-
1
4

pecial

true for the turbulence characteristics of such a layer which

followihg Kistler's studies at Mach 4.5 (Reference 1), have received_pﬁﬁy
sporadic attention. And yet, a complete study of the hypersonic layer,
especially of its turbulence, would fulfjill several urgdqt needs. It
would, for example, narrow or end current speculations about the "eddy
viscosity" and thus improve boundary-layer theories. As another example,

it would provide a valid statistical
calculations which presently utilize
very low flow speeds.

-

iy

model for eltc+romagnetic scattering
extrapolations from Jata obtained at

The ultimate objective of the-present work has been to pr)viderﬂigh-reso-

lution profiles.of turbulent fluctuatiens in boundary layer at hyper-

sonic speeds. A secondary objkccive

has been to record on maznetic tape .

all andlog data from which foreéeeabl@\guestions about various features of
the turbulent boundary layer may'be answered without repeating the experi-

ment. Such a magnetic-tape “library’
ready collected. The mean taverage)

of the sensor sigpals has been al-
signals necessary to describe the

mean -flow properties have been reduced and are presented in this report.
The mean flow properties are needed to reduce the turbulence data and sep-
arate them into contributions from the various turbulence modes. Analysis

of the fluctuation measurements wjll

1.2 EXPERIMENT DESIGN

be presented in a subsequent report.

The following criteria were set in designing this experimeant :

N -

4

a. Continuous flow was required to allow tl.e boundiary conditions

(e.g., wall temperature) to be well egzablished and Ahus well detined;

b. Thick boundary lavers, to i

‘and to mike the turbulence measurements possibie.

v
ncrease the spatial resolution of

the probes, to enable probiny- the sublayer and to decrease the turbulence

frequengies to a manageable range.

-

"

c. Two-dimensional flow, to enable comparison with the simpler

turbulent boundary layer theories..

d. Very high Reynolds numbers,
equilibrium, presumably the asymptoti

\’»,

e, Mach numbers higher than 0,
ical interest and one where turbulenc

to enable the layer to reach dynaric
c forr.

SO as to_approach a range of pract-
& . R .
€ was not previously studied.
-

4
.
1- ,




o !
f. Stagnation temperatures lower than about 1200 °F to insure sur-
vival of the hot-wire anemometer.

g. No pressure gradient so that no arbitrary complexities would be
introduced at the outser.

Regarding heat transfer, the , ‘actical requirement is for a cooled wall
(T, < Ty, ) although there is also great need for an adiabatic turbulence
experiment. It developed that a cooled wall was much easier _o obtain;
in the final tests a ratio T ~ 0.4 Ty was used. Also, because of the
restricted scope of this work and the large volume of tests needed to
measure the turbulence it was decided to take very detailed data at a
single streamwise and span-wise position in the flow, at a single flow
condition, with only "token” measurements at other points and flow
condltlons.

The above criteria could be best satisfied by using a flat surface in a
cdbntinuous hypersonic wvind tunnel at the highest attainable pressure and
temperature. To obtain turbulence, thicken the layer and equilibrate it
a very long flat plate would be needed The cost of such a plate model
would be prohibitive however, and thus attention was drawn to using the
sidewall boundary tayer of >uch a runnel.

<

&

\

N\
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SECTIOXN 11

FACILITY DESCRIPTION

The above requirements were well fulfilled by making use of the two-dimen-
sional flexible nozzle 21l-inch Hypersonic Wind-Tunnel (HWT) at the Jet’
Propulsion Laboratory (JPL) in Pasadena, California. This facility is
described in Reference 2, and is shown in general view on Figure 1. Its
proximity \to Philco-Ford, flexible schedule, and low cost made this faci-
lity very attractive for this work. 7Tne flow in this tunnel is contin-
uous, the Mach number is adjustable from 4.5 to 10.5 and the unit Reynolds
number can approach 150,000 per inch (1.8 x 10®ft-l). The Reynolds num-

I

ber R:; based on layer thickness % were known to be of order 600,000 and_
Re; was estimated capable of reaching 20,000. Furthermore, favorable h
evidence of two-dimensionality, repeatability and dynamic equilibration

in the sidewall boundary layer of this tunnel had already been collected
by Laufer, Ashkenas and Gupta (Reference 3) under conditions satisfying
the criteria of Section I; this will be discussed further in Section V.

It was decided to make these tests in the boundary layer growing over the
upper wall (ceiling) of the 21-inch high x 20 inch wide tunnel test section,
whose layout is seen in Figure 2, and which is a smooth internally water-
cooled surface. The point of measurement is at the mid-span position (1lU
inches from each sidewall) and lies 160 inches downstream of the nozzle

throat. The conditions selected were: .
Ve

Mach number: M, = 9.4 (nominal)
iOtal pressure: Po = 3200 and 1700 cm Kg
fotal temperature: To = 1000°F
Reynolds number: Re = -127JDO per in;h = Po = 3200 cm Hg
= 67,000 per inch : P0 = 1700 cm Hg
Although most of the tests were performed ar P = 3200 cm Hg, a single

. o . : -
boundary layer traverse, with measurements made at nine points ranging
from 1 to 5 inches from the wall, was also carried out at Po = 1700 cm Eg.

During operation of the Wind Tunnel, pressure and temperature data are
collected automacically using the JPL Win# Tunnel Data Acquisition System,
a computer controlled recording device. Analog signals are conditioned
at the test site and then transmitted to a central acquisition area where
they are digitized and stored in the computer memory. The data can be
sent back to the site for printout by a line printer and display on a
visual monitoring channel.
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SECTION 111

DIAGMOSTIC PROBES AND PROCEDURES

The local mean flow properties were found by combining readings taken with
a pitot probe, a static pressure probe and a total-temperature probe.
Basically these readings, when used with aerodynamic formulas such as the
ideal gas law and the Rayleigh pitot relation, yield the local flow velo-
city, density, longitudinal velocity, etc. Once these are known, non-
dimensional quantities, integral properties and some 'wall" effects cun

be computed. ' .

The diagnostic probes were mounted on an instrumeatation 'rake” shown in
Figure 3, with their sensing tips lying on a straight line normal to the
flow and parallel to the ceiling. The two outboard and the center probe
positions were occupied by 1/8 inch diameter pitot tubes, with the two
intermediate positions occupied by a total-temperature probe and the hot-
wire anemometer. The probes were separated by a distance of 3 inches.

As showrm in Figure 4, the static pressure tube is attached under the rake,
below the center pitot probe, with its sensing orifices vertically sepa-
rated from the other probes by 5/16 inch.

To improve the resolution of the pitot survey near the wall, several tests
were performed with a miniature probe fitted to the tip of one of the out-
board pitot tubes. The miniature probe was comprised of a flattened tube
with an opening 0.008 inches high and 0.060 inches wide. In order to
approach the wall without interference the tube was bent S-shaped so that
its opening was verticaliy offset from the remaining probes. The hot-wire
anemometer was designed in a similar fashion. Figure 4 shows an end view
of the rake, as seen by the approaching flow, indicating the various off-
sets which had to be accounted for during data reduction.

The rake was suspended on an actuator mechanism by which the distance Y
between the wall and the probes could be fixed with a precision of 0.001".
. During the tunnel/run Y could be changed continuously at arbitrary speed
for a maximum stroke of 8 inches. Data were taken only after the rake
had beer. at the desired Y position for several minutes, so as to allow
the probe readings to equilibrate. During operation of the tunnel, a
difficulty arose in determining the Y = 0 position of the rake. Pecause
of the pressure differential across the wall of the wind tunnel, the ceil-
ing shifted downward approximately 0.030 inches. Althouzh the test section
was provided with viewing ports, the diameter of the port was less than
the height of the test section. This prevented a horizontal line-of-sight
through the test section at Y positions near the wall, anl in particular,
at the location of the ceiling itself. The following procedure was final-
ly used to define the location of the ceiling during a run. With air-off
the Y indication of the rake with the uppermost pitot tube immediately
adjacent to the ceiling was recorded. The rake was moved away from the
wall, tne tunnel was turned on and as the rake was slowly moved upward,
the uppermost pitot tube and the image formed by its reflection from the
ceiling were observed visually until the two merged. This position of the

'
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rake, which could be determined within 0.005 inches, was defined as Y = 0
and all Y indications were corrected by the difference between.the air-on
and air-off zeros.
The sche-atic of the data recording system is shown in Figure 5 (for claricy,
the static-pressure probe has beeun omitted). Pressure, temperature, and Y
position measurements are processed by the Wind Tunnel Data Acquisition Sys-
tem and printed out by the JPL line printer for immediate monitoring by the
test personnel. In addition, the center pitot pressure, the total temper-
ature and the Y position data, together with the hot-wire signals, are re-
corded on magnetic tape to provide a permanent data file for subsequent .
processing.

-
It is clear that more diagnostic probes were available on the rake than
were needed for determining the local flow conditions. The final data re-
duction utilized the data from the center pitot tube,* the static pressure
probe (corrected for Y offset) and the total temperature probe. Although
the latter is laterally offset from the other two by 3 inches, the evidence
of two-dimensionality presented in.Section V allosed the use of this read-
ing without fear of error due to lateral gradient effects. The hot-wire
probe, also offset by 3 inches from the center offers an independent mea-
surement of local total temperature T, and unit Reynolds number. Ihese
were used as redundant cross-checks on T, and Reynolds. number (see Section
VII1). The turbulence data collected wvith this probe will be described
in a later report.

-

* For Y distances less than 0.8 inches, data from the miniature probe was -

used. However, as shown later, the pressures recorded at the three pitot
probe positions were in excellent agreement for distances close to the wall.

-9-
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. ' SECTION

IV

INSTRUMENTATION

4.1 PRESSURE TRANSDUCERS

Pressure measurements were made with Statham Instruments absolute pressure

transducets which utilize an unbonded, fully active, strain gage bridge as

Pitot or impact pressures were measured using model
PA208TC-K transducers, with a range of O - 15 psia, while a model PA208TC-5

- transducer, with a range of 0 - 5 psia, was used to record static pressure.
Before each run the transducers were subjected to full vacuum to adjust
the zero setting and then calibrated with a McLeod gage over the antici-

A check of the zero setting was made just prior to

the sensing element.

pated pressure range.

and immediately after each run.
stable characteristics with negligible zero point drift.

The pitot transducers exhibited relatively

The statc pres-

sure transducer, however, was initially observed to drift.an amount cor-
responding to approximately 5-107% of the nominal mecasured pressure. This
problem was alleviated to a large extent by”mounting the transducer in a
temperature cofitrolled water-cooled housing.

The signals from the transducers were converted to digital form for visual
display and printout, with the pitot pressure output appearing as 100 counts
per cm Hg and the static pressure output as 200 counts/mm Hg. While the
error in the pressure readings was approximately 1%, the accuracy of both
measurements was dictated by non-linearity and hysteresis of the trans-
ducers which was 0.75%-of full scale.

\

pressure near the wall.

This is of the same order as the

value of the static pressutre throughout the boundary layer and of the pitot
The resolution of the transducer therefore may have

contributed to the observed scatter in the static pressure data, Sections
V and VI, and to the uncertainties in the velocity profile, Sections IX

and X.

. o .
Both measurements were examined for ‘corrections due to various probe effects.
The static pressure measurements had to be corrected for viscous interaction .

effects as described in Section VI.

The influence of thermal creep ahd vi-

brational degree-of-freedom effects on both the static and pitot pressures
. In addition, viscous‘™? and
on the response of the pitct pressure probe were

was examined and foynp

rarefaction effects

investigated. For the large pitot probe, the corrections due to these ef-
-~ fects did not exceed 17 and were therefore ignored.

to be negligible

Fpr the miniature pitot

probe the viscous interaction effect was more—pronounced, reading an esti-

mated maximum of 107 near the wall.

However, experimental data on viscous

corrections is scarce and restricted to specific probe geometries which
.differ considerably from the probe used in the present tests. -For this
‘reason, and since the possible error did not exceed 107, no correction was

applied and the miniature probe data was used as recorded.
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4.2 TOTAL-TEMPERATURE IROBE o ; v o :
As explained previously, the total temperature probe consisted ‘of atped ' -
iron-constantan thermocouple. The thermocouple leads were inserted through
and cemented in a 3/32 inch diameter alumina tube vhich was then installed
in the 1/8 inch 0.D. copper tube located on the instrumentation rake. The
alumina body was notched and the adjacent tube wall grooved so that the
thermocouple could be held in position by a spring slip insertéd over the '
tube. The thermocouple junction was positioned 7/16 inches from the open- -
ing of the copper tube and three -031 inch diameter vent holes were drilled
through the tube wall at this same location.
. ‘
The signal from the thermocouple was also converted to digital form for
display and printout with 80 counts corresponding to 1' mv. JThe accurdcy
of the probe measurement, however, was dictated by .the Precision with which-
the tunnel supply temperature could be controlled. Duriégﬁi ryn, ‘the sup-
ply temperature varied typically by + 2 to 3°C and similar variations were '

:

reflected in the measured total temperature.

The total temperature probe was calibrated in the free-stream of the HWT

at Mach 9.5 and 6 end 800°K and at Mach;4 and stagnation temperatures tang-

ing from 300 to sio°x. The high Mach number datz was supplied by the JPL/ |,
USC investigators 3) while the Mach 4 data was obtained during the présent’
study because of concern that the recovery factor of the probe might de-

pend on Mach number and temperature. Calibration results are shown “in

Figure 6 where the Probe recovery factor, defined as the ratio of measured
temperature to actual stagnation temperature is plotted against Reynolds’ . .
number based on probe diameter and stagnation temperature. . It is seen

that while the Mach 6 and Mach 9.5 data ‘coincide, the Mach 4 data shows a
lower recovery factor for a given Reynolds number. The Mach 4 data, how-
ever, shows no significant separation due to stagnation temperature. 1In
order to delineate regions within the.boundary layer where the calibration
data would apply, the Y locations, together with the associated Mach num-
ber and stagnation temperature, corresponding to specific Reynolds numbers .
have been indicated in Figure 6. It is clear £hat the high Mach number
data is applicable to the outer half of the boundary layer. 1In addition,
the possible error .introdvced by the sep:ration in the data at low Reynolds
numbers is at most several percent. Purfﬁermore, the Mach 4 data indicates
. @ possible tendency to merge with the higt Mach number data at Reynolds

" numbers between 100 and 1000. Conséquently, it was decided to represent
the probe calibrgtiéﬁg by the single curve, determined from a least squares
fit to the Mach 6 and 9.5 data shown in Figure 6.

l

[y

4.3 HOT-WIRE ANEMOMETER
LI - - ) ‘. : i )

4.3.1 PROBE CONSTRUCTION . : ‘ ’

The anemometer probe, shown in Figure 7, consisted of a 0.00001 inch ‘dia-
meter Pt - 107 Rh wire mounted across the tips og‘ two sharp-pointed prongs.
" The wires were mounted with sufficient slack to eliminate spurious signals
duve to "strain-gage” effects. For the wvires used in these experiments, the
aspect ratio ranged from 200 to 400. ‘

<12~
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The probe body consisted of a 3/32 ioch diameter x 1% inches long alumina
cylinder. A 1/32 inch diameter x ¥ inch long alumina cylinder, used to
support the, hot-wire prongs, was cemented to one end of the larger cylinder
at an angle of approximately 20-30 degrees. Both cylinders were provided
vith two holes along their length through which thc hot-vire leads were
inserted. The leads were 30 gage copper wire encased in high temperature
fiberglass imsulation. Copper was selected becausc of its low electrical
resistance, ease of silver soldering, and bending capability without break-
age. Three-mil nickel wire, used for the hot-wire prongs, were silver-
soldered on one end of the copper leads. The .prongs, leads, and alumina
tubes were held together with Corning Class Company Pyroceram cement.
Pyroceram can be used to up to 700 °C, is an excellent insulator, and cures
easily with an oxygen-acetylene torch, leaving a smooth glassy finish.

To assemble the probe, the 3/32 inch diameter alumina tube was first cut
to length with a diamond blade saw and V" shaped grooves were cut in both
ends to provide the pyroceram cement greater bonding area. Next, the 1/32
inch diameter alumina tube was cut to 1/6 inch in length. After the nickel
support wire was silver soldered to the copper wire, it was inserted through
the alumina tubes. Pyroceram cement was applied, cured with a torch, with
great care being exercised to keep the tips of the nickel prongs free and
cleam of cement. The support vires were then prepared and adjusted for
mounting the hot wire.
)

The technique for mounting the hot wire consists of bonding the wire on the

supports with gold, which had been dissolved in a resinate and dilutedﬁsith

toluene. ' The resinate is baked away in an oven at 1000°F leaving a thin

gold film approximately 5 micro-inches thick. Only one application of the

gold solution 1is required‘fqr mounting 0.00001 inch diameter wires, although

for larger wires, as many as six coats of goldyare necessary for a good bond.

In the process of mounting the wire, 2 small length of 2-mil Wollaston wire

with a core of 0.00001 inch diameter Pt - 107% - Rh wire is held in a pair :
of tweezers. A length of about 10 mils of silver is etched off, exposing

the it - 10% - Rh wire. The probe is held in a vise in the object plane

of a 60 power stereuscopic microscope in order to observe the mounting cf

the wire. Next a 20 gage wire is used to apply the gold 'solution to -the
~fips and along the outside length of the prongs. Then, by carefully mani-

pulating the tweezers, the hot wire is laid along the outside of one prong,

across its tip and over to the tip of, and up along the outside of the

second prong. The hot-wire'@dheres very well to the gold solution. By

wiggling the tweezers, the Pt 107 Rh wire will break where it joins the

Wollaston wire. Once the hot wire is mounted, the probe is placed in an

oven at about 1000°F and in 'two to three minutes the solution is baked away

leaving a gold-bonded hot-wire.

4.3.2 PROBE CALIBRATION

Following tbe probe assembly, the temperature-resiscénce behavior of the
wire was measured in a controlled oven over the range from 20 to 200°C.
Five temperatures in this range were selected and the wire resistance, R,
was recorded for eight currents. The heating due to these currents is
small so that R could be expressed as a linear function of current. The

-15-



zero current resistance was obtained by extrapolation yielding a curve of
R versus temperature, T. The zero temperature resistance R, and the first
coefficient of resistivity, ¥,, wvere then found from the resistivity formula

\

R = Rr..l‘+7 (T - Tr). (1)

a

\

where Tr = OOCE* Typical values of ¥, ranged from 1.i x 1 o to 1.8 x 10-3
ohm/OC, with the majority corresponding to 1.4 - 1.5 x 1077,

n
It was originally intended to.install each wire in the Philco-Ford Mach 3
tunnel to check for "strain-gage” effects and to carry out a preliminary
flow calibration prior to its use in the JPL/HWT. However, since the flow
envirokment in the Philco-Ford tumnel is more severe than the HWT (larger
dynamic \pressure), wire survivability was very poor. Consequently, this
phase wap omitted and flow calibration of each wire was carried out in the
HWT immediately prior to performing turbulence measuredents. The objective
of this step was to obtain the variation of the Nusselt nuaher at zero
overheat, Nu,, and of the wire recovery factor, 7], with Reynolds number,
Reg. The subscript o refers to stagnation conditions, that is,

. _ T __qd 1"
Mo T T ST Kk e
w aw o~ i=20
' sud : . . :
Re = = ™ ) (3)
Taw
T =\ -
i To | (5)

where q is the heat transfer from the wire, d is the wire diameter, I, is
the wire temperature, T,y is the adiabatic wire temperature, kg is the
thermal chnductivity of air, ¢ aud u are the local free-stream density and
velocity of air respectively, and . is the viscosity of air evaluated at To.

The calibration was performed by locating the wire in the wind tunnel free-
stream where the flow conditions are well known and varying the Reynolds
number by setting the tunnel total pressure at specific values between 700
and 3200 cm Hg. At each pressure the derivative 2R/Zi‘ was found from the
slope of the R versus i curve obtained by operating the wire at 8 overheat
currents. The Nusselt number at zero overheat, Sﬁo, was then given by

\

* From initial calibration« up to 500°C it was found that the second co-
efficient of resistivity was zero. It was possible therefore to restrict
subsequent calibrations to ZOOOC, thereby facilitating the calibration
process. : : .

-16-
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where YR, and {, the wire length, were obtained from the oven calibration,
and Ry is the adiabatic resistance found by extrapolating the calibration :
curve to zero current. The recovery factor was computed by using Ry, to
obtain T4y from Eqn. (1) and To-

Typical flow calibration curves are shown in Figures 8 and 9, which also
include thebretical curves for aspect ratios ranging from 100 to infinity.
Because of the low Reynolds numbers it is seen thatcolarge end losses are

to be expected. _However, the agreement between theoxy and experiment is
observed to be very poor, probably because the basiéghssump;ions of the 3
theory (e.g., straight wires, no flow interference by the promgs, etc.)

are not satisfied by the actual probes.

The calibration curves shown in Figures 8 and 9 were put into the following
analytical form for use in the data reduction process:

Bu = A +A_ /Re + ARe
o 1 2 o 3 o

. (6)

| = B+ B, /geo + BJReO

unchanged. Resistance changes of more than 17 forced rejection of the wire.
While it would have been desirable to subject the wire to a second oven
calibration following its use -in the HWT, none of the wires with which
turbulence data was collected survived the tummnel stop.

Aieati .

4.4 WIND TUNNEL SUPPLY CONDITIONS .
The wind tunne! supply pressure, which was assumed equal to the test section
freestream stagnation pPressure, was measured usingNQHS;atham Instruments
model PA731TC-1M-350 strain gage transducer,~vithﬁh:¥§h§e of 0 - 1000 psia,
a sensitivity of 0.01% of full scale and a linearity of 1/4%. of full scale.
The supply temperature was measured with a shielded Chromel-alumel thermo-
couple. Similar to the other measurements the signals from these instru-
ments were digitized for visual display and printout, the pressure output
appearing as one count per cm Hg and the thermocouple output as 80 counts
per V. Both instruments were located in the constant area supply chamber,
3 ft upstream of the nozzle throat and just downstream of the flow '
straightener.

N~
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v SECTION V

PRELIMINARY TEST RESULTS

The data described in this section have been included to demonstrate the
nature of the boundary layer flow, the two-dimensionality of the boundary
layer, .and the reproducibility of the measurements. In addition, the mean
flow properties calculated from these pPreliminary measurements were essen-
tial for the proper design of the hot-wire anemometer. Data is presented
which was acquired over a period of six months. Most gf the measurements
were collected by the USC/JPL team of investigal:ors.(3

o

\

Figure 10 shows the pitot profiles obtained from the two outboard pitot
probes at stations 112 and 160 inches from the nozzle throat. The data \
shown was reproduced directly from pressure traces obtained with a dual
channel x-y plotter. Because of the finite size of the recording pens the
Z = -6 pressure trace was physically offset by the amount indicated at the
left-hand-side of the Figure 10 (iy ~ 0.10 inches). Therefore the corrected
trace for this transducer is obtained by translating all data points to the
left by the amount iy. In spite of this shift in the Z = -6 curve, the
spanwise agreement in the pressure profiles at both stations is quite good,
indicating that the flow can indeed be considered to be two-dimensional. *
Furthermore, the pressure profiles are quite siwilar in shape showing re-
-latively little difference between the two measuring stations. It is in-
ferred from this that the flow is typical of a highly developed, turbulent
nozzle wall boundary layer.

il - o

The static pressure profiles measured at stations X = 112, 137, and 160
inches from the throat are shown in Fi- .e 11. The data at X = 112 .and

137 inches were obtained from single i .s at these stations while the X =
160 data shows the range of measurements obtained from six runs. Also shown
are the range of wall pressure measurements observed during the run made at
each station. The wall measurements were made with a transducer identical
to that used for the static pressure probe. Although the difference in
Pressure at successive stations is only slightly larger than tlie experi-
mental accuracy, the data indicate a small favorable longitudinal pressure
gradient of approximately - 0.005 mm Hg/inch near the wall. 1In the free-
stream and for the wall measurements at the X = 112 and 160 inch stations,
the longitudinal variation in pressure is within the scatter observed from -
run to run. As described in Section VI, the static probe measurements are
subject to large viscous interaction corrections. The corrected data show
a pressure gradient normal to the wall that is 20 times greater than the
longitudinal gradient indicated above.

A further ipdication of the twvo-dimensionality of the boundary layer flow,
which also demonstrates the reproducibility of the measurements, is shown

in Figure 12. The envelope of measurements obtained by USC/JPL showing the
small spanwise variation of pitot pressure through the boundary layer is
presented, together with the results of a pitot pPressure survey made six
months later during the present study. The pitot profile obtained from

the center probe is denoted Pt). The data indicate that spanwise variations

-20-
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SECTION V1

FINAL TEST DATA
¢

Before discussing the method of data reduction and the final results for
the mean flow profiles, the raw data is presented in order to demonstrate
again the reproducibility of the measurements and, secondly, to clarify
the data reduction procedure. The calculation of the mean £lou propérties
is based on the measured pitot pressure, static pressure,, and totaiﬁtem-
perature. Each of these parameters is discussed in detatk in the -following
paragraphs.

6.1 PITOT PRESSURE MEASUREMENTS

Figure 13 shows the pitot profiles, denoted as PtZ’ obtaine \with the_ cen-
ter pitot probe during a total of- five runs. Included also- are the mea-
surements cobtained with the miniature probe located at one of the ‘outboard .
pcsitions. These points, denoted as Pt3’ are restricted to Y distances
between O and 1.5 inches. As 'shown in the insert ¢f Figure 13, the dif-
ferences between Py) and P 5 are not significant any *he two profiles are
nearly identical fox Y > 0.5 inches. Becauvse of the excellent agreement
between the results}?f different runs, the data from all runs were combined
to yLeTU’a single pitot pressure profile for purposes of data reduction.
Values of P t3 were used for 0 S Y = 0.8”ipches and Py, data was used between
Y= 0.8 1nches and the free-stream. 4

6.2 TOTAL TEMPERATURE MEASUREMENTS

3

The measured total temperature profiles for three runs are shown in Figure
14 which, for comparison, also includes the data obtained by the USC/JPL
team 3 Again excellent agreement between runs is observed with differ-
ences in the data attributed primarily to variations ‘in the supply: temper-

s

ature. -The insert 1n“?1gure 14 shows the temperature prof1les plotted to -4/

an expanded Y scale in the vicinity of the wall ‘here a ??r except. for
several obviously ergouegﬁs pqlnts on run lO“’the agreeze t between runs
is very good. . )
e 8 A

Similar to the pitot pressure data, the data from alb three runs was com
bined to yield agEimple total temperature profile. However, since the Y
position of the thermocouple did not coincide with that of the miniature
pitot probe, the temperature data for Y < 0.8 inches was represented by

the following expressions:

0.060 = Y = 0.275 inches_ )
RIS N %
T (°K) ¢ 303 % 253 Y - 16774 Y2 + 70744 Y2 - 127796 Y* + 8896 Y
! (7)
0.275 5 Y = 0.800 inches vk :

T (°K) = 460 +45.7 (Y - 0.275)
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The resulting curve fit is shown in

Figure 14. The determination of the

actual total temperature for Y < 0.06, where temperature measurements were
not available, is described in Section VIII. '

6.3 STATIC PRESSURE MFASUREMENTS

The static pressure measurements acquired from six runs are piotted as a
function of Y in Figure 15. In contrast to the other data, the static
pressure exhibited significant variation on a given run as well as from

run to run. As shown in Figure 15,

the maximum deviation in static pres-

sure for the six tests was = 7%, which was an order of masnitude greater
then the variations in supply conditions.’ However, a greater precision

in the static pressure measurement should not be expected since the nominal
Pressure was less than 1% of the range for which the transducer was de-
signed to operate. Consequently, it was decided to represent the measured
static pressure profile by the following expression, determined from a

least squares fit of the data:.

0 <Y =5.75 inches

Psm(mm Hg) = 1.642025 - 0.197563 Y + 0.130692 Y2 - 0.026982}3 + 0.002297 YA

- 0.000069 Y’

Y > 5.

8)

2

75 inches

Psm(mm Hg) = 1.77

Tﬁe resulting curve fit is shown in

Figure 15.

Although the static pressure measured in the free-stream was 1.77 mmn Hg,

- the, static pressure P ., calculated
and the supply pressure, was approxi
Mach numbers determined {rom various
are shown below.

PRESSURE RAT10

’ 'Psm[Pt

o

L)

Psi/Pt (or Psi/P)

Since the reminal Mach number corres
mined from a "calibration" acquired
wvas 9.5 and since both the pitot and
«Z, it was concludéd that the actual

from the free-stream pitot pressure
mately 1.1 mm Hg. The free-stream
combinations_of Psm- Psi’ Pt and Pb

MACH NUHBE%
1.5
8.8

9.4 !

ponding to the tunnel geometry (deter-

through long term use of the tunnel)
supply pressures are accurate within
free-stream static pressure was given

by P i The difference between Pgm and P.i, therefore, has been attributed
to viscous interaction effects on the static Pressure probe. Since the
interaction effects vanish near the wall, it is seen that a significant
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pressure difference of unknown origin existed across the boundary layer.
Because of the magnitude of the pressure difference (approximately 50%) it
was considered necessary to account for the variation in pressure normal
to the wall in the data reduction process.

Behrens,(7) using a static probe very similar in geometry to that used in
the present study, ueveloped an empirical correlatlon of viscous interaction
effects in the form

v

Psm/l’si = 1 + c1x +C

2
21
where: |

v = M2/(C/Re,)?
C = G /e (T/T)

and the Reynolds number is based on the distance between the tip of the
probe and the pressure orifice, and subscripts ® and v denote free-streanm
and adiabatic wall conditions respectively. In our experiments the maxi-
mum value of ¢ was found to be equal to 1.05; therefore C was set equal to
unity. Behrens data was restricted to ¥ < 1.6, which is only slightly
greater than one-hal  the max{mum value of ¥ in the present tests. While
the results of Rogers, et al, extends to larger values of , their data,
which was obtained with a large cone angle probe, fails to account for the
observed pressure difference. ~This is in accordance with the results of
Wagner and Hatson(s),who found .that viscous correstions diminish with in-
creasing cone angle. Consequently, viscous corrections which cover the
range of coﬁﬂi;ions encountered in the present experiments were determined
by supplementing Behrens data with data acquired during calibration of:

(1) the hot wire at Mach 9.5, and (2) the total temperature probe at Mach 4.
/

As described earlier, calibration was accomplished by locating the probe
in the known free-stream flow at fixed Mach number and varving the supply’
.pressure to change the -Reyrolds number. The pitot and supply pressures
were used to determine theé Mach number and actual static pressure as well
as other flow properties. From this information and the measured static
pressure, P- /P and X could be calculated. The results are shown in.
Figure 16, wﬂich includes also a plot of the expression

4

F /P . = 1+ 0.0457 ( + 0.0622 \_-2 9)
sm sl .

which was fit to the'da:g\?y the method of least squares.

]

6.4 1700 CM HG TEST DATA )
The raw data obtained at Po =4700 cm Hg are shown in Figure 17.. The data

o.e similar to that 2cquired at 3200 cm Hg, with differences between the
two attributed to the increased boundary layer thickness corresponding to
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the smaller Reynolds number and to the reduction in the absolute value of

the supply pressure. .Measurements were not made for Y < 1.0 ioch since the

'|Reynolds numbers near the wall sre considerably less than the range over
which the hot-wvire snemometer was calibrated. Use of the wvire in this

region would have introduced large uncertainties in interpretation of tke

hot-wire data.
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SECTION V11

DATA REDUCTION PROCEDURE

7.1 INPUT DATA

~

Calcnlation of mean flow propertles were carried out at each Y position - ) .
for which a measurezent of the pitot pressure was made. The input data
required for the calculation and the form of the data are listed below. )
INPUT_QUANTITY SYMBOL FORM OF DATA - S
Pitot Pressure . : Pt2 Tabular, versus Y )
Measured Total Temperature ~ T& 0<Y = 0.80, Eqn. (7)

Y > 0.80, Tabular versus same
Y as for Pt

Measured Static Pressure psn Egn. (8) .
o

Total Temperature Probe . N -

Recovery Factor Egn. shown in Figure 9

Staric Pressure Probe Viscous

In-eraction Correction - P /P . Eqn. (9)
' s sl ¥ b3

9

As mentioned earlier, for Y less than 0.80 inches the Y position of the
total temperature probe did not coincide with that of the pitot probe.
Therefore, for convenience in the calculation T was represented by Eqn. (7)
for Y = 0.80. For Y > 0.80 inches the Y positions of the two probes were
ideatical and T, was input to the calcvlations in tabular fore.

7.2 MEAN FLOW COMPUTER PROGRAM . )
) ,~ .

Calculation of the mean flow properties was prograsmed in Fortran for the

Honeywell Ho@él 615 Computer System. Since bath the measured total tem-

perature and static pressure had to be correctéd for probe effects, the !

program includes' iterative routines, for finding the actual value of these

parameters. Referring to Figure 18, the pitot pressure and P__ are used

to find the Mach number M and the latter two then combined to calculate v

the local stagnation pressure, Po. The Mach muzber is also used with the

measured total tesperature to find the static stream temperature, T_. With ¢

the temperatures known the corresponding viscosities are evaluated,. and tke,

Reyuolds numbers based on the appropriate temperature and the characternst}c

prob> dimension can be calculated. The Reynolds number for the static

press.we probe is combined with the ¥ach nusmber to find the viscous inter-

action parameter \ and, by means of Eqn. (9), the first order approximation

to the static pressure Psi‘ The procedure is then repeated n times until

iy ; ) ; ,//J

M
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3

the absolute value of Psi('n +1) - Pgy(n) satisfies the convergence criteria
€. Similarly the total temperature probe recovery factor, 7, is found from
the probe Reynolds number, yielding the first order approximation to the
local total temperature,  T,. This calculation is also repeated until*

I‘l‘o(n +1) = ‘l‘o(n)\l < e. 1In both cases the convergence parameter € was 0.1%.
Results of the iter\a{ive calculation to determine P at Y = 6.016 inches are
presented in Figure 19, which indicates that, 12 1terations are requirdd to
satisfy the desired convergence. Since the viscous correction is greatest
near the free-stream, this example is typical of the maxinum number of.
iterations required Convergence of the- total temperature generally occur-

red more rapidly, a;though convergence of both parai-eters vas required be-

fore contiouing the calculation procedure.- »
¢ <y

Z.

Once T, and P, i were determined the remaining boundary laye!' properties

were calculated i.e., the vo'locity u, the densxty P, etc., using standard

“formulae for compressible flow. ‘In addition to the local properties,

several characteristic boundary layer thicknesses, including the displace-
ment thickness 3%, and the momentum thickness, = were determined from

numerical’ integration across the boundary layer. "

4 ®
' ) " . 3
N ! : g A

b o
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SECTION VIII
= RESULTS
T 8

-

The resylts of the mean flow calculations at P, = 3200 cm Hy are summarized
in Takle I which lists the test conditions, the characteristic boundary
layers thickqesse: described in Paragraph 7.2, and a tabulation of the
mean flow profiles. The conventional boundary layer thickness £, which is
defined as the distance from the wall vhere the velocity ‘s 992 of the
free-stream velocity, has been included although in the present case its
significance is somewhat vague. This arises from the fact that relatively
few data pofnts were obtained for Y > 5.0 inches, thereby precluding a pre-
cise determination of the shape of the velocity versus Y curve near the
edge of the boundary layer. For this reason Y, rather than Y/Z, has been
used in subsequent presentation of the results, even though the results
have been nondimensicnalized using the values of the flow properties at

Y = 2 as reference parameters. It should be pointed out that this repre-
sents an arbitrary, although cgnsistent, selection of reference parameters
since the védlocity and thermal boundary layers are of different extent,
wvith the latter being slightly larger. Furthermore, because of the pres-
sure gradient normal to the wall, the fluid density actually overshoots

its free-stream value within the boquary layer.

8.1 MEAK FLOW PROFILES
’ \ . T

*

The calculated staiia)preSSure profile is‘shown in Figure 15. 'Fiore(g)

and Fischer et al have also observed pressure gradients normal to the
wall in hypersonic boundary layers, the former at Mach 12 in air and with
the Reyrolds_mumber based on wowentum thickness, Re., on the orcer of 1000
and the latt;; at Mach 21 in helium with Re: =~ 10,060. In Fiore's case‘g)
the pressure gradieni was smaller than opsefved here, with the pressure
difference equal to 207 of the free-stream pressure, but was still larger
than the longitudinal pressure gradient measured in his tunnel and was
found to increase with increasing Re-. In the experiments of Fischer et al
the static pressure at the wall was 407 greater than the free stream pres-
sure, similar to our results. Fisher et a1(10) 2150 examined the results
of 3 number of other imvestigators who reported an increase in measured
wall pressure over the corresponding free-stream value for several gases
~and variety of aerodynamic bodies, including cones, wedzes, and tunnel
\iqlls. They found a consistent trend of increasing wail-to-free-streaz
static pressure ratio with increasing Mach nuzmber which was tentatively
attributed to turbulent flow effects. .o

8.F.1 STATIC PRESSURE PROFILE. s

~

8.I.2 TEMPERATIRE PROFILES

Figu;e 20 shows the ratios of local stagnation and static tezperature to
the stagnation temperature at the edge of the boundary layer, T, (i.e.,
its value at Y = ) plotted against Y. The insert in Figure 20 shows the
region near the wall plotted to an expanded Y scale. Since temperature

-38-
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TABLE 1 \

SUMMARY OF RESULTS
Po 3200 cm Hg Pse 1.15 mm Hg Rea_ 36,800
T 792°k u 1225 =/sec £ 6.01 inches

oe o e *
T, 304 K. M 9.37 & 2.29 inches
T, 43% Re 127,080 5 .29 inches
—»

No. v(inches) M u/ue To/Toe , 'l'/'l'Oe ’ sle
1 0.010 0.541 0.161 '0.448 0.424 0.180
2 0.015 . 0.541 0.166 0.477 0.452 0.170
3 0.015 ¢.663 0.201 0.477 0.438 0.175
4 0.018 0.760 0.236 0.493 1 0.457 0.168
5 0.022 0.607 - 0.189. 0.510 0.475 0.161
6 0.031 0.842 - 0.268 0.545 0.477 0.160
7 0.037 0.843 0.276 0.564 0.506  0.151
8 0.049 1.130 0.356 0.591 0.471 0.163
9 '0.054 ~  1.083 0.347 . 0.600 '0.486 0.157

10 0.057 1.354 0.41D 0.605 0.442 9.176

11 0.063 1.131 0.363 0.613 0.488 0.156

12 0.070 1.260 0.396 0.616 0.468  0.163

13 0.075 1.261 0.398 0.622 0.472  0.161

14 © 0.088. 1.497 0.452 0.625 0.431 . 0.176

15 - 0.110 1.670 0.490 ‘0.633 0.406 ‘0.186

16 0.122 - 1.672 . 0.492 0.639 0.410 0.184

17 0.172 “1.912 0.537 0.645 0.373 0.201

18 0.209 2.004 0.553 0.649 0.360. 0.207

19 0.219 2.005 0.554 0.652 0.361 0.206

20 0.222 2.055 0.561 0.650 0.353 0.211

21 0.273 2.155 0.579 0.660 0.342 0.216

22 '0.307 2.193 0.585 0.661 0.337 0.219

23 0.322 2.229 0.590 0.661 0.331 0.222

24 0.324 2.206 0.587 0.662 0.335 0.220

25 0.370 2.311 0.601 0.661 0.320 - 0.229

26 0.407 2.347 0.606 0.663 0.315 0.232

27 0.422 2.370 0.609 0.663 0.312 0.234

28 0.472 2.438 0.¢18 0.665 0.304 0.239

29 0.521 " 2.463 0.622 0.668 0.302 0.240

30 0.624 2.592 0.638 0.671 0.286 0.251

31 0.722 2.696 0.659 0.675 0.275 0.260 .

32 0.808 2.869 0.666 - 0.675 0.255 0.279

33 0.815 2.888 0.671 0.681 0.255 0.279

34 0.913 2.999 0.688 0.696 0.249 0.285

35 1.064 3.206 0.701 " 0.690 0.225 0.312

36 1.362 3.584 0.734 ° 0.709 0.199 0.353

37 1.515 3.743 0.753 0.727 0.191 ° ~ 0.366
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TABIE I - (Continued) )
No. v(inches) ~ M u/u WA TlT cle
e o oe oe e

38 . v 1.662 '3.975 0.765 0.729 0.175 0.398
39 1.962 4.348 ©0.792 0.751 0.157 0.444
40 2.056 4.459 0.797 0.752 0.151 ¢+ 0.462
41 2.116 4.587 0.811 0.769 - 0.148 0.471
42 2.268 4.882 0.823 ¢.776 0.134 0.516
43 - 2.562 5.353 0.848 0.799 ° 0.119 .581 N
44" 2.712 5.672 0.863 0.815 0.110 0.625
45 2.761 5.728 0.860 0.807 0.107 0.643
46 2.864 6.000 0.874 0.823 0.100 2,677
47 3.012 6.267 0.884 0.834 . 0.09% 0.716 .
48 3.116 6.731 0.898 -0.847 0.084 0.785
49 / 3.308 - 6,939 - 0.904 0.853 0.080 0.820
50 3.311 6.901 0.909 0.863 0.082 0.802
s1 3.508 7.431 0.920 0.874  0.073  0.883
/52 3.612 7.755 0.927 0.881 0.068 0.929
53 3.708 7.854 0.929 0.882 0.066 0.948
54 ' 3.712 7.974 0.934 0.891 0.965 0.954
.55 3.811 8.226 0.939 0.896 0.062 0.988
56 3.910 8.277 0.952 0.902 0.061 0.992
57 © 3911 8.477 0.943 0.901 0.059 1.023
58 4.013 8.576 0.948 0.908 0.058 1.029
59 4.015 8.591 0.951 L 0.915 0.058 1.020
60 4.107 8.567 0.946 0.904 0.058 1.038
61 4.114 8.746 0.952. 0.914 0.056 1.046
62 3.215 8.833 . 0.958 0.923 0.056 1.046
63 . 4.309 8.800 0.957 0.923 . 0.056 1.i45
64 4.319 8.903 0.960 0.927 0.055 1.053
65 4.416 8.993 0.964 0.933 0.054  1.056
66 ' 4.509 - 8.922 0.964 0.935 0.055 1.048
67 4.510 9.008 . 0.964 0.933 0.054 1.061
68 4.812 9.157 0.976 0.954 0.054 1.050
69 5.111 9.202 0.984 0.970 0.054 1.032 °
70 5.402 9.294% 0.990 0.981 0.054 1.027
71 6.016 9.373 1.001 1.001 0.054 0.999
72 7.015 9.345 1.012 1.025 0.055 '0.958

1.010 1.020 0.055 0.966

73 8.016 9.365%
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measurements could not be made for Y < 0. inches, the variation of total
temperature in this region was determined by fitting a ‘third degree poly-
nowinal curve to the data points at Y = 0 (where Ty/Tpe = Ty/Tpe ) and Y

= 0.063 through 0.122. Sivce the viscous correction to P , was zero near
the wall, Psi could be determined from Eqn. (8) and the remaining flow
properties evaluated explicitly. The resulting Ts/Toe profile shows the
anticipated static temperature overshoot and .udicates that the maximum
static temperature occurs at Y =~ (.04 inches wiier it exceeds the wall
temperature by approximately 80°K: '

8.1.3 MACH NUMBER PROFILE

The Mach number profile is shown in Figure 21 wkich indicates a gradual
decrease in\Hach numbe from its free-stream vilue to M = 9 at Y=4.5
inches. Between Y = 4.5 and Y = 2.5 inches, the Mach number decreases
rapidly in a nearly linear fashion to M = 5, followed by a slower, but
again nearly constant rate of decrease to M = 2 at Y = 0.20 inches. The
sonic line occurs at approximately 0.05 inches, so that subsonic flow is

‘restricted to a very narrow layer adjacent to the wall.

8.1.4 DENSITY PROFILE

B \
The density profile, shown in Figure 22, indicates that at Y = 4.5 inches
the density overshoots its free-stream value by 10%. This reflects the
fact that as the wall is-approached, the static pressure begins to increase
over its free-stream value at Y = 6.0 inches, while the static temperature
does mot increase appreciably until Y = 4.0 inches. The minimum density
corresponds to the static temperature overshoot and is about 257 less than
its value at the wall. \

8.1.5 VELOCITY PROFILE

~ -

The velocity profile is presented in Figure 23 which shows that over one-
half the velocity change across the boundary layer occurs in the irmmediate
neighborhood of the wall, fi.e., u/ue decreases from 0.55 to zero between
Y = 0.2 inches and Y = 0. This region has been plotted with an enlarged
Y scale in the insert in Figure 23, where it is noted that there is no

.evidence of the linear variation of velocity generally attributed to the

viscous sub-layer. This subject is discussed further in Section IX.
8.2 COMPARISON WITH HOT-WIRE DATA

The availability of the hot-wire data provides a means for partially check-
ing the mean flow measurements. At any point in the boundary layer, the

\recovery temperature, T,,, of the wire and thé Nusselt nomber can be de-

termined from t'ie averheat traverse made during the turbulence measure-
ments and, using the Nu_ versus Re_ calibration data shown in Figure 8,

Re, can be found. Then, with Re, and T known, T £an be found from Figure
9 and the cotal temperature evaluated. The calculation procedure is des-
criQed in Appendix A.

\
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FIGURE 22. NON-DIMEXSIORAL DERSITY PROFILE
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Figure 24 shows a comparison of T, profiles obtained from the hot-wire and
thermocouple measurements. For wire Al3-1, [the agreement between the two
measurements is excellent, with the hot-viré results generally no more than

'5-10°C below. the thermocouple data. A larger discrepancy is observed for

wvire 6-3, although the agreément with the thermocouple results is still

encouraging. In this case, the hot wire results are about 20°C higher than,
those obtained from the thermocouple measurements in the outer half of the
boundary layer, with the discrepancy increasffig to 50°C between Y = 1'and

:2 fackes, then gradually limimishing as the wall is approached. ¢

Figure 25 presenta a coqﬁanso‘n of the profiles of the unit Reynolds num-
ber per inch based on stagnation temperature, Reo - Although the shape cf

‘the curves are similar, " l:o' obtained with wire Al3-1 ecxceed those deduced

from the mean flow measurements near the wall, while in the outer half of
the ‘boundary layer the converse is true. In spite of the large differences
between the two results, which reach a maximum of 50, the agreement is
again encouraging. This arises from the fact' that small errors in Nu lead
to ervors in Rey’ which are 2 to 3 times larger. This is indicated in

‘Figure 8 which shows also the typical scatter to be expected in the deter-

mipation of Mu,.

The Re, ’ profile obtalned with wire €-2 shows much larger deviations froa °
that deduced from the oean flow measurements, with differences as large as
a factor of ten observed near the wall. This proupted a re-examination of
the ﬁn and 7 versus Re_ calibrations froam which it was concluded that the
data pou:l:s at Re, = 0. 826 and 0,11 (see Figure 8) may be in error. Con-
sequen&lfy, new correlatxons were curve fit to the remaining five data points
and the bot-wire data reduction was repe:lted. The resulting leo' profile,
Figure 25 shows much better agreement with the results obtained from both
the mean flow measurements and wire Al3-1. In addition, the T  profile

i obt,xned with the modified hot-wire calibration curves, presented in Figure
‘ 17, indicates slightly better agreement with the thermocouple measureaents,

particularly pear the wall and 1n the region from Y = 1 to 2 inches where

the difference betveen the tvo ‘'sets of results is reduced from 30 to 30-40°C.

L

83 TEST RESULTS AT P =l7COCHBG

‘l'lfe calculated static pressure profile is shown ir Figure l7 where it can

- be' compared to the measurements. The pressure variation is similar to that

observed at P = 3200 cm Eg altb.)ugh, because of the reduced Reynolds nu=-
ber, the \'iscous corrections at the outer edze of the boundar)' layer are
sligbtly latger. N ’

, The static and stagnanon temperature profiles and the velocl.y and Mach.

r profiles are shown in Figures 26 and 27, respectively, where, for
cosparison, the- results at P, = 3200 c» Eg have been included. Due to the
lack of data near\tbe edge of the boundary layer, an accurate calculation
of 5 could not be made. Eowever, because of the similarity in the boundary
layer, profiles and the known equivalence of the free-stream conditions, it

.. was assumed that the values of u, and T , at the edge of the boundary layer

were identical to those at P, = 3200 cm Eg and these values were used to
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and the differences between the two could be reduced by normalizing Y with

non-dinensionalize the P, = 1700 cm Hg data.. The resulting non-dinensional
profiles are in good agreement with those obtained at the higher pressures

respect to a characteristic boundary layer tﬁickness.

The lack of data also preveﬁted a precise calculation of Re,. To a first
approximation, however, this parameter should scale as the ratio of the
pressures so that for the P %.1700 cm Hg tests, Reg = 20, 000 .




SECTION IX - ' .

Q3 DISCUSSION OF RESULTS

9.1 COMPARISON WITH OTHER EXPERIMENTS

Figure 28 shows the local static meporatgze ratio within the boundary
layer, T/T,, plotted against the locat’velocity ratio, uf/u,. For compari-
son the Ctocco relation Y e

/T, = T/T_+ (1+ («-1) xéz/z‘j T/T)) uu_ - (.-1) w " (ulu, ) /2 (10)

“

which is valid for arbitrary heat transter and zero. lohzitudinal pressure
‘gradient, is included. While there is good agreement bitween experiment

and theory in the sub-layef region, the data lies significantly below the
Crocco relation in the outer portion of the boundary layer. This is illus- \
trated more clearly in Figure 29, where the total enthalpy ratio, T =T

T, /'l'Oe - Ty, is plotted versus u/ug. In these coordinates the Crocco rela-
tionship is represented by the linear function T= u/ue. Again, in the sub-
layer . the data agrees with the theory, while in the outer portion Bf the

K

boundary layer, correspondi d fol-

lows closely the quadratic relation T = (UIU 3°. Tbhe interior oi the boun-
dary layer - the so-called law-of-the-wall reglon - is characterized by a
well deflned transition between the linear ‘and quadratic behavior of the

T versus u/u, relatxonshlp. . :

The total"enthalpy profile of Figure 29 is typical of that obtained fro= (l
measurements on nozzle walls. Bertram and Neal and later Eushell et al )
examined the results of numerous experiments obtained for .a variety of oper-

" ating conditions including Mach numbers varying from -3 to 20, Re- ranging

from 1000 to 50,000 and T /T . varying from 0.2 to 1.0. They found that

dita acquired from flat plate measurements generall) followed the linear
Crocco relation while the nozzle wall data’ appr&xlmated the cuadratic law.

The behavior of the nozzle wall data has been attributed by those and other
investigators to the effects of the rapid expansion in the wind tunnel nozzle.
They. suggest that, as a consequence of the flow acceleration near the nozzle
.throat, the boundary layer profile distorts from the Crocco relationship and
remains out of equilibrium with the local edge conditions for considerable
"distances downstream. For hypersonic nozzles, however, the gradients in

the flow properties are concentrated immediately downstream of the throat

and it seems unlikely that effects of the past history of the flow would
persist for very large distances.! Fi%ure 30 shows a plot of T versus u/ue
obtaineq by the U§C/JPL.investigators 3) at X = 160 inches froo the nozzle
throat. The rgsults at the two statioms, which are separated by approxizately

* The shift in the transition region from u/u, = 0.7 to ufu, = 0.5 is due
primarily to an alternate definition of the ‘total temperature probe recovery"
factor used by USC/JPL in their data reduction. The data reduction process
at both stagipns was consistent, however, and the conclusions inferred from
Figure 30 ﬁo‘etrning the streamwise variation in flow profiles and are in-
dependent of the probe calibration. . /
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eight boundary layer thicknesses, are identical within the experimental ac- ¥
curacy and show no evidence of relaxation from the quadtatic to the linear
temperature diszrigution. The relaxation process was investigated by ~

~ Bushnell, et al, 12 who performed a numerical experiment to examine the

effects @f the nozzle acceleration on the boundary layer structure. Using i
nozzle contoyrs for Mach 6, 8 and 19 wind tunnels for which wall measuﬁg-
ments are available, they assumed a Crocco temperature distribution at the !
throat and solved the boundary layer equations to determine the resulting

T - u/ue profiles at downstream stations. Their results indicated a shift
from the linear relation toward the quadratic law, particularly near the
boundary layer nge{ with increasing X and then a return to the linear pro-
file, but showed*no evidence of the transition region observed in Figure 29.
Furthermore, their calculations predicted a more rapid relaxation to the
linear distribution than observed experimentally, although at Mach '6, they
found that a distance ‘equivalent to 60 boundary layer thicknesses may be
required for relaxation to occur. Th1§ mdy explain the lack of streamwise
variation in the total temperature profile indicated in Figure 30.

Several additional compents concerping the results of Figure 29 are in
* order. PFirst, Fiore's measureménts, which were obtained at Mach 12 and B
Re. ~ 1000, show a quadratic temperature distribution in the outer portion
of the boundary layer. However, in the :sub-layer his results can be ex-

pressed in the form T = Z(u/ue), where ¥ ~ 0.7, and do not indicate the
transition region observed in Figure 29. In addition, Fiore's data shows
no evidence of the law-of-the-wake component of the boundary layer which,
‘because of the small Re;, indicates that his boundary layer may not, have
been fully developed. econd, the results of Lee, et al, who made
nozzle wall measur:ments at Mach 5 and Re. ranging from $000: to 50,000 are L . s
in accord with the general features of Fiéure 29. They also observed a
transition from the quadratic temperature distribution in the outer portion
of the boundary layer to the Crocco relation in the subilayer._ Their re- .
sults indicated further that at a given station the transition region shifts:
closer to the wall with increasing heat transfer and Re_. While measure-
ments were performed at stations ranging from 48 to 94 inches from the
nozzle throat (the inter-station distance is approximately 16 boundary layer
thicknesses), again no evidence of streamwise relaxation was apparent.
It is clear from the preceding discussion that the present result is typi-
cal of those obtained measuremefits in wind tunnel wall boundary layers.
The observed deviation from the Crocco total temperdture distribution im-
plies that the boundary layer is not yet in equilibrium with the local edge
conditions. However, _he reason for the departure from equilibrium has not
yet been resolved. :
9.2 CORRELATION OF VELOCITY PROFILE . -
3 . > :
To further demonstrate the validity of the measuremenf%, the resulting
velocity profile, Figure 23, was correlated with the "universal®™ incom-
pressible profile which is conventionally represented in the form:

o

sub-~layer;

P



~3°

| law-of-the-wall; % . : -
‘ ui A In® Y : < a1
T @
law-of-the-wake; o ) .
' u -(ue/u_) = A ln (y/6) - C (2 - W(y/%).

where

+ *
u =y /uT.

+ *
Y =Y u_/v
S w
u. = (" /¢ )%
. v ow {
‘ L r
and A and B are constants characterizing the velocity profile, C is a con-
stant represent nE the strength of the wake cqmponent of the boundary layer,
and W is Cole's(1%) tabulated wake function. All of the variables in the
above rellations refer to' 'the incompressible flow field with which the com-
pressible boundary layer is being campared. The parameters u* and Y* -
note the compressible flow properties after transformation or '"stretching"
to account for the density variations within the boundary layer (actually

only one of these para

identity). The friction velocity, u-, is found either directly from the
slope of the physical velocity profile at the wall, or as a consequence of
the correlation procedure when it serves as an "adjustable constant" whose
value is manipulated to provide the best fit of the data to the theory.

In the case of a cold wall, Halz(ls) and Lee e /3T413) caution against
using the measured velocity profile to determine u- because of rthe temper- .
ature overshoot which occurs adjacent to _the surface. They reasoned that

if the shear stress is to remain constant in the sub-layer, then the velo-
city gradient must compensate for variations in the véscoéity arising from
the temperature distribution. This would lead to a nonlinear' velocity pro-
file near the wall. Since velocity measurements very c16§¢ to the surface
are frequently lacking or unobtainable, the actual velocity profile may be
obscured by the missing information. This, in turn, could introduce large
errors in determining du/dY.

In this context, Walz examined the cold wall data of Lobb et al (16)'and
Winkler and pha(17) who had fit a straight line to their J%locity measure-
ments in order to determine the velocity gradient at the wall. Comparing
their results to values of du/dY calcidlated from a similarity law he had
developed for evaluating skin friction coefficients, Walz concluded that
the experimentally determined slopes were too low, in some cases by as

much as 50%. The effect of cooling on the sub-layer velocity profile was
investigated further by Lee et al who used the method of Tetervin(18)
to calculate the boundary layer structure for Mach 10 and several values

of Ty/Tay, where subscript aw denotes the adiabatic wall condition. Their
results showed that the curved portion of ‘the velocity profile extended
closer to the wall as T,/T,, decreased, although very low wall temperatures
are required for the effect to become apparent.

b ~57~
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As mentioned in Section 8, the velocity data acquired during the present
study shows no evidence of a linear profile, even though measurements were
made at Y positions as close as 0.01 inches from the wall. While.the re-
sults of Walz(15) zp4 Lee et al 3) are hardly ¢ nclusive, the static
temperature overshoot of the:-wall represents a possible.cause for the djs-
torted velocity profile. Other factors, such as poor resolution of the
pitot pressuyre transducer near the wall and uncertainties in the Y position,
were critically assessed, but again with inconclusive results. For example,

ible within 10% on successive runs. Finally it should be mentioned that

the hot-wire measurements showed evidence of intermittent turbulence as T~
‘close as 0.030 inches from the wall. While the hot-wire data has not yet
beenvanalyzed, this could also- account for the deviation from linear velo-
c¢ity profile. It was decided, therefore, that the data_could be assumed

to provide a valid representation of the velocity distribution. However,

in view of ‘the uncertainties discussed above, it was considered inadvisable
to determine du/dY from the slope of a curve fit to the experimental points.

I3

—than 0.10 inches Ehick or about 1 - 2% of the total boundary layer thick-
ness. This is attributed primiarily to the large Re; of the experiment.
In this respect it is of interest-to note.that Fiore(' "reported a sub-
layer thickness of 15 o ‘307 at Mach 12 although, as indicated earlier, the
Re; ofvhis experiment was 30 - 40 times smaller than that of the present
study. ' Kemp and Owens ) also reported thick sub-layers, corresponding
to as much as 40 - 507 0of the total boundary layer thickness, 'in Helium
at Mach numbers from 25 to 40. In addition, their measurements were made
within the contoured section of the nozzie and, similar to Fiore's(9) ob-
servations, showed no evidence' of a wake region in the outer portion of
the bohndary?layer.

Correlation of the velocity prof}lc was carried out using a procedure de- ,
veloped b{ Maise and HcDbnald(20 for adiabatic flat plates and extended

by Gran(zﬁ) to include the cold wall condition. The procedure involves
fitting'tﬁe data to the expression for the law-of-the-wake which, follow-

ing Coles 22)’has been rewritten in the form: &

* /o ~
u /uT = 2.43 In (Y uT/vH) ¢(5.0 + 2.43 = wW(Y/5) . - (12) -~

»

*
wh@;e u is the generalized velocity proposed by Van Driest(23) to accoynt
for the effects of compressibility and heat transfer, i.e., o

. v
2
u* = -22 arc sih Zkl (“/“e) e
k 2 2.5
1 (k2 + Akl,)\
P ' €
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It should be pointed out that the Van Driest formulation assumes that the
static pressure is constant in the boundary layer and that the Crocco rela-

- ticn, Eqn. (10), is valid, two conditions which are not met in the present

experiment. This must be recognized when interpreting the results of the
correlation. ‘

2 ) T A =
\\\:gyation (12) includes three unknown constants, u_, %, and =, a parameter’
p

resenting .the strength of the wake component of the boundary layer. By

- applying Eqn. (12) at the edge of the boundary layer, ~ can be expressed

W is expressed as

in terms of { and u- and the edge conditions. This reduces the number of
unknown constants in Eqn. (12) to two, whose values are adjusted until the
data fits ‘the equation such that the rms error is a minimum. Data points
for Y¥ < 50 and Y > 0.9 : are excluded since in the former case the experi-
mental errors are usually large while in the latter case the theory deviates
from the data. For convenience in the calculations Cole's wake function

W o= 2 sin’ (-Y/25) (13)

N\

Afrer a fit of the data is achieved = and c the skin friction coefficient,

»
are determined from.: and u . £

The results of the correlations are shcun in Figure 31. The value of = was
1.4, slightly more than twice the value of 0.60 normally found in correlat-
ing zero pressure gradient ilat plate cdata and typical of flows with strong
adverse pressure gradients. On the other hand, the skin friction coef-
ficient was 4.6 x 10'4,,which is within several percent of the theoretical
value determined from the Karnan-Schoenbef% imcompressible formula using
th< Re: listed in Table I together with the Van Driest transformation func-

tions and following the procedure outlined by Hopkins and Inouye. (24) sjpce

the assumptions of the Van Driest transformation imply a specific density
profile, a fictitious Re- can be calculated from the resuits of the velocity
correlation. The Re; found in this manner was 19,100, conrresponding to a
10% increase in the theoretical Cgs vhich is approxiasately one-half cf the
actual Reg determined from integration of the mean flow properties. This
result is not surprising since Wallace(23) found that Rez from a quadratic
temperature distribution as measured in his tests was four times larger
than Re: frou an assumed linear Crocco relation.

o

The rms deviation of the velocity data from the theoretical curve was 0.8%,

which implies a™'good fit". However, the generalized velocities for Y' < 50,
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which were-excluded from data fitting process’, are considerably larger than
the theory refletting the deviation from a linear profile that had been ob-
served near the wall. While these data points could be collapsed toward
the theoretical curve by increasing ur, this would lead to a large increase
in Cg-

In an effort to improve the correlation, the Van Driest formulation was modi- N ‘
fied by replacing the Crocco rélation with the experimental observed quad-

ratic law ithe assumption of constant pressure in the boundary layer was

retained) The resulting curve fit was very similar to that found pre-

viously while the new values characteristic parameters were; m = 1.6, cg =

4.2 x 107, and Reg; = 27,000. It appears therefore, that the anomalous

value of ™ and the low value of the fictitious Reg can be attributed pr1-

marily to the strong pressure gradient normal to the wall.

A check of the consistency of the correlatiop determined with the assumed ,
Crocco relation is shown in Figure 32. While the wake function, W, was .
assumed to be given by Eqn. (13), W can also be calculated from Eqn. (12) o
after a fit of the data has been achieved. Figure 32, which shows W de- - ]
termined from both Eqns. (12) and (13) plotted against Y/%, 1nd1cates good
agreement and justifies the assumption of Eqn. (12).

Figure 33 shows finally a plot of the velocity defect (ue* - u*)/u, versus
distance from the wall Y/¢ and illustrates the effect of the uake strength
parameter . The correlation equation

(“e* -u ). = 2510 (¥/5) 41252 - W) (14)

= -

which is essentially Eqn. (13) writt?n }n defect form with 7 set equal to ) /
0.6, was shown by Maise and McDonald to represent the incompressible

measured profiles presented by CIauser.(26) The agreement between Eqn. (14)

and the measured velocity profile, for which 7 = 1.4, is quite poor, al-

though it illustrates the lack of correlation that Maise and McDonald(20

found for non-adiabatic boundary layers.,
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SECTION X

-

SUMMARY AND CONCLUS IONS

The following conclusions can be drawn concerniﬁé‘thé Beasurement of meap
flow properties in the hypersonic turbulent boundary layer experiments re-

ported here:

(1)

(2)

3)

o

The results of detailed pitot Pressure, total temperature, and
static pressure surveys carried out at Mach 9.37 in the JPL/HWT
demonstrated the two-dimensional, nearly iulIy developed nature
of the ceiling boundary layer. However, the static Pressure
measurements, which indicated negligible pressure variation in
the streamwise direction, also indicated the Presence of a s7p-
nificant pressure gradient normal to the wall. Because of .
magnitude of the Pressure differencv, which was approximately
50Z of the free-stream Pressure, the pressure variation through
the boundary layer was taken intc account in the reduction of
the data. Normal pressure gradients have been observed pre-
viously in hypersonic turbulent boundary layers on wind tunnel
on cones, wedges, and flat plates and, in face,

The profile of total temperature ratio versus velocity was
found to agree with the Crocco theory in the sub-layer region,

but followed a fuadratic relation between Stagnation temper-

distances far downstream from the throat. 1t appears, therefore,
that the boundary layer in the JPL/HWT is not completely equi-
librated in the sense that the obseryed temperature-velocity
variation deviates from what is considered typical of flat

plate flows. !

Using the Van Driest generalized velocity, the velocity data
was correlated to the incompressible law-of-the wake with a

Ims error of less than 1%. While this implies that the .
measurements agree with the general form of the imcompressible
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- (4)

(5)

profile, the strength of the wake component was twice as great

as that usually found for flat plate boundary layers. This has
been attr;buted primarily to the effects of the pressure gradient
normal to the wall since modification of the correlation pro-
cedure to account for the observed quadratic temperature dis- N
tribution produced essentially the same results. In spite of

- this anomaly the experimental skin friction coefficient agreed

with the theoretical value within several percent.

Although the mean flow measurements extende! to 0.010 inches
from the wall, no indication of a linear vuriation of velocity
in the sub-layer was found. Possible causes, including the
effects of heat transfer, turbulence and instrument errors,
wvere examined without conclusive results. The measurements
indicate that the sub-layer is only 0.05 to 0.10 inches thick,
which represents 1 to 2% of the total boundary layer thickness.
The relatively thin sub-layer has been attributed primarily to
the high Reynolds number, Re;, of the present study. The sonic
line was found to occur at Y = 0.05 inches so that up to 50%
of the outer portion of the sub-layer is supersonic. !

The stagnation temperature profile calculated from hot-wire
anemometer data is in good agreement with that deduced from
the mean flow thermocouple measurements. A comparison of the
unit stream Reynolds number obtaiped from the hot-wire and
mean flow measurements showed the same trend, but differences
as large as 507 were observed. The latter result is not unex-
pected, however, since it is well known that the hot-wire pro-
vides a relatively insensitive measure of Reynolds number.

4

/s

I
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APPENDIX A

# CALCULATION OF MFAN FLOW PROPERTIES FROM HQT-WIRE DATA

";V ’

The procedure for calculating properties of the mean flow in the boundary
layer from the hot-wire data was programmed in Basic Language for the
Honeywell Model 615 Computer System in time-sharing mode of operation as
shown in the flow chart of Figure 34. For eight values of hot-wire cur-
rent, i, the)corresponding resistance was determined from the measured
mean voltage across the wire. The method of least squares was used then
to provide a linear fit of R versus i2 from which the slope >R/37’ and ]
could be found. Using the latter to initially evalvate the thermal con-
ductivity of the fluid, one can obtain the zeroth approximation to Nu,

from Eqn. (6). From Hu and the calibration curve Re_ versus Nu o the
zeroth approximation to Reo is obtained. The .calibratien curve of

versus Re, is used then to determine the recovery factor which, together
with T » yields the zeroth apptoximatiOn to the stagnation temperature T,..
This, 1n turn, supplies an improved value of thermal conductivity and the
procedure is repeated until the successive approximations to the stagnation
temperature converge to the desired accuracy.

\ 2
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with the value predicted by the Van Driest theory within several percent.

" Finmally, the total temperature profile determined from a hot-wire anemometer

. traverse through the boundary layer is in good agreement with the thermocouple
Beasurements. :
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